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A review is presented of some recent experimental work into the formation of adiabatic shear bands. Highly localized deformation, generally referred to as shear bands, is a phenomenon that frequently occurs in metals subjected to a high rate of deformation. They occur during penetration, in high speed machining, in shaping and in forming. In steels, depending on the material and test conditions, shear bands may appear as relatively broad (150 to 200 p) or much narrower (3 to 20 pm). In the latter instance they will appear white when etched with a nital solution. Generally the shear band material is quite brittle and thus shear bands frequently lead to fracture. Numerous investigations of the subject have been performed. References to these may be found in review articies [l-101.
Until recently nearly all observations of shear banding were made after deformation is completed; only lately have experiments been attempted that follow the formation process itself. These experiments make use of ultra high-speed photography and of infrared temperature detection methods [ll-151. The present paper presents some results of experiments of this nature showing local strain and local strain rate during shear band formation as well as showing records of temperature changes. On the theoretical side, stability analyses have been performed by various investigators. In the present study use is made of the geometric defect parameter defined by Molinari and Clifton [l61 to predict the critical strain necessary to trigger a shear band.
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The specimen employed in the present tests is machined in the shape of a short thin-walled tube with hexagonal flanges used for gripping during dynamic deformation in a torsional Kolsky bar, Figure l . The torsional Kolsky bar is advantageous for present purposes because it provides a relatively simple and uniform state of shear stress, because the instrumentation affords an easy means of measuring average strain as a function of time, and because instrumentation is added easily to measure local strain and the temperature distribution. The techniques employed to measure local strain and local temperature have been described in detail previously [12, 13] . Briefly, to measure the local shear strain distribution along the thii-walled tubular specimen under dynamic loading, a grid of fine lines is deposited photographically on the outside surface of the specimen, Figure 1 . Before deformation, the grids are oriented so the lines are parallel to the axis of the specimen. During the subsequent deformation the slope of the lines provides a measure of the strain distribution across the gage section. A high-speed image-converter camera is used to record the time history of the strain localization process. 
RESULTS
A typical stress-strain curve for an AISI 4340 VAR steel (HRC = 44) is shown in Figure 4 . A set of eight high speed photograpds taken at 10 microsecond intervals are shown as well Figure 5 ; the width of each frame corresponds to the length of the specimen, about 2.5 mm. The instant at which each photograph is taken is indicated by an arrow on the stress-strain curve. In the first frame the strain distribution is nearly homogeneous. Later an inhomogeneity develops and the strain localizes so that a shear band is visible in frame 7. In the original photographs it is clear that a fine crack has formed within the shear band in frame 8. This crack starts at the top of the frame and extends down covering perhaps 60%
of the observed length of the shear band. From the stress-strain cruve it is clear that the stress starts to drop when the shear band forms, i.e. that the load-carrying capacity of the specimen is reduced by the presence of the shear band. The width of the shear band is reduced as the band evolves. The final width is about 10 microns in this steel and the peak strain about A three diiensionaI plot showing the output of the temperature sensors is shown in Figure 6 . During deformation temperature rises by about 400°C for the test shown. The time interval from room to peak temperature is about 15 microseconds, while cooling after the peak is somewhat slower. In other tests the temperature reached almost 600°C.
Results also show that the rapid temperature rise coincides with the drop in the stress-strain curve where large strains are accumulating. A simple calculation of work done shows strong agreement between peak strain and temperature rise.
On the basis of the experimental results, it was suggested in reference [l21 that dynamic plastic straining may be divided into three consecutive stages depending on the value of the nominal strain, y . These stages are shown in Figures 7 and 8. In the fust stage, y l y ,, the grid lines are inclined but essentially straight, implying a homogeneous deformation.
In the second stage, y, 2 y > y, , , the grid lines appear curved uniformly around the specimen indicating an inhomogeneous deformation. Finally, in the thud stage, y , 2 y, the grid lines are discontinuous indicating the presence of a shear band or of a crack. In this final stage the shear strain level varies considerably with the circumferential coordinate and the flow stress is seen to drop first gradually and then precipitously.
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Analyses have shown, that for a given material and given test conditions, the critical strain level at which the flow stress begins to drop will depend on inhomogeneities in material, in temperature or in the geometry 116-201. Molinari and Clifton 1161 defined a defect parameter directly applicable to the present specimen geometry. This parameter approximates the variation in wall thickness along the gage length of the specimen by a sinusoidal form where 1 (y) is the wall thickness at a point y along the gage length, l, is the maximum wall thickness and h is the gage length. According to their analysis, for small values of E, the nominal localization strain yC varies nearly as h E, Elgure 9.
The analysis appears to predict at least qualitatively the experimental dependence of y" on E. This is of considerable help in conducting the experiments and also of potential significance when it comes to practical applications. is clear that the material in the shear band becomes considerably harder [21] , and, as mentioned previously, etches white in a nital solution [26] . However, it has not yet been shown that the temperature rise is sufficiently great or that there is sufficient time at elevated temperature for a phase transformation to austenite and then to untempered martensite, as
proposed by earlier investigators. Perhaps the large strains and stress combined with the temperature make this possible,but this remains to be demonstrated. That voids, cracks and then fracture occur is easily demonstrated by optical micrographs such as shown in Figure 10 1271. Dynamic recrystallization has been suggested as the mechanism by Beatty et al. [28] . Clearly, continued research is necessary to answer these questions.
